ABSTRACT: The growth, grazing, and cell volume of Strombidinopsis multjaurls, a large (-100 pm) coastal planktonic cil~ate, IS affected by food concentration and temperature. Using growth and grazlng data, we modelled small-scale bloom dynam~cs between the clliate and ~t s prey. Growth expenments were conducted at 13°C on S. niultiauris fed the 10 pm d~noflagellate Gymnodiniurn simplex; changes in cell numbers and cell volume were monitored. Ingestion rate was measured by 3 methods (uptake of fluorescently labelled latex beads, heat-killed, fluorescently labelled G nmplex; and I4C-labelled G. simplex). Growth rate vprsus food concentration followed a rectangular hyperbolic response, with a maxlmum of p = 0 6 d ' above 104 prey ml-l (480 ng C ml-l), below 1.3 X 10"l-'
INTRODUCTION
The oligotrich ciliate Strombidinopsis is cosmopolitan and is a conspicuous member of the microzooplankton ). This oligotrich is also relatively easy to culture (Montagnes 1993 , Montagnes 'E-mail: dmontaq@liv.ac.uk 0 Inter-Research 1999 , making it a tractable model-organism for assessing oligotrichs.
Typically, 1 to 10 oligotrichs ml-' occur in marine waters ) but mechanisms controlling their abundances are poorly understood. Copepod predation may maintain a relatively constant ciliate abundance (Nielsen & greatly, forming short-term blooms (e.g. Andersen & Sarensen 1986 ). It may be that isolated ciliate populations regularly exploit prey patches in the plankton (e.g. Tiselius et al. 1993) , which can result in local accumulations of ciliates (e.g. Nielsen et al. 1993 , Montagnes et al. 1999 . Therefore, although ciliate assemblages may appear to remain constant over large temporal and spatial scales, there may be a succession of population blooms governed largely by bottom-up control (Nielsen & Kisrboe 1994) . If conditions become unstable (e.g. zooplankton predation is reduced or prey bloom), oligotrichs may bloom for periods ranging from hours to days (e.g. Smetacek 1981 , Andersen & Snrrensen 1986 , Dale & Dahl 1987 , Montagnes et al. 1988 , Rassoulzadegan et al. 1988 .
To assess the potential for ciliates to exploit transient prey blooms, reliable estimates of growth and grazing rates are needed. In this study we present growth and grazing rates of Strombidinopsis multiauris, a planktonic oligotrich. We also present data on the temperature dependence of growth rate and cell volume of S. multiauris. We then use our data in a simple model (Montagnes 1993) to investigate ciliate-prey (i.e. S. m ultia uris-Gymnodinium simplex) population dynamics, asking the questions: (1) Can ciliates control prey populations? (2) What is the duration of predatorprey cycles? (3) What are the magnitudes of predator and prey abundance in these cycles? Montagnes & Taylor, 1995 (Fig. 1) was isolated in May 1994 from Puget Sound (WA, USA) coastal waters (depth 0.5 m, salinity 28%0, temperature -10°C). By June 1995 the clone had died, likely due to clonal ageing (see Montagnes et al. 1996) . While the clone was healthy (i.e. maximum growth rate was constant), experiments were performed on the ciliate.
METHODS AND MATERIALS

Isolation and general culturing. A clone of Strombidinopsis multiauris
Strombidinopsis multiauris did not grow when fed the flagellates I,sochrysis galbana and Rhodomonas lens and grew for < l 0 d when fed the flagellate Chroomonas salina and the diatom Thalassiosira pseudonana. However, the ciliate grew well when fed the dinoflagellate Gymnodinium simplex (Fig. 1 , -8 X 10 pm, 48 pg C cell-'; Menden-Deuer & Lessard unpubl. data). All the following experiments used G. simplex as food.
Growth. Numerical response: The numerical response was determined for Strombidinopsis multiauns grazing on G y m n o h u m simplex. The dinoflagellate was grown in f/2 medum ( G d a r d 1975) and maintained in 250 m1 polycarbonate flasks at 13°C on a 14:lO h 1ight:dark cycle at an irradiance of -50 pm01 photons m-2 S-'. Prior to the experiments, S. multiauris was maintained with G. simplex in f/200tm+vit (Lessard 1993) in 6-well 20 m1 tissue culture plates at 13°C on a 14:lO h 1ight:dark cycle at -10 pm01 photons mA2 S-'. For experiments, ciliates were collected during exponential phase from cultures containing prey ranging from 103 to 104 prey ml-l.
During the experiments, ciliates were grown in the dark (to prevent prey growth and the potential for mixotrophy) in 6-well, 20 m1 plastic tissue culture plates containing 8 m1 of prey and medium. This method works well for estimating ciliate growth, i.e. there was no significant difference between growth rate when ciliates were grown in tissue plate wells and 500 m1 containers which were mixed once per day (but ciliates died in containers that were rotated at 1 rpm, data not shown). There was no attempt to remove background bacteria (-106 ml-l); these had no significant affect on the growth rate of Strombidinopsis multiauris (data not shown).
The growth rate of Strombidinopsis multiauns was determined at prey concentrations ranging from 0 to 5 X 104 prey ml-l. Prey concentrations, assessed by a Coulter Counter, were made by diluting stock cultures with f/200tm+vit.
For each prey concentration, 10 ciliates were placed in each of 3 wells in a tissue culture plate, using a finely drawn Pasteur pipette; this procedure has no significant affect on ciliate growth (data not shown). The cultures were then acclimated in the dark for 48 h at 13°C. After the acclimation period, the prey concentrations were remade and allocated to 3 new wells. Then, 10 randomly chosen ciliates were removed from each of the acclimated wells and transferred to the new wells. The acclimated ciliates were incubated for a second 48 h period, at the end of which all cells in a well were counted; growth rate was estimated over the second 48 h period. The prey concentration used in the numerical response was the geometric mean concentration of each well during the second 48 h incubation (on average prey declined by 10%). Growth rate ( p , d-l) was calculated over the second 48 h period as p = ln(cells,+l/cells,)/t, where t = time in days (i.e. exponential growth was assumed over 48 h).
The numerical response data were fit to a modified Michaelis-Menten model, with a non-zero X-intercept (Eq. 1). This model is a good predictor of numerical responses and is based on theoretically sound mechanisms (Fenchel 1986 ).
where p = growth rate (d-l); p,, = the maximum growth rate (d-'1; [P] = prey concentration (no. ml-l); X' = the X-intercept or threshold concentration (the prey concentration where p = 0) (no. ml-l); and k = a constant (no. ml-l) Curves were fit to the data using the Marquardt-Levenberg algorithm (Sigmaplot, SPPS Inc., IL, USA). For biological data sets, this method may be more accurate and precise than methods of curve fitting that transform the model to linear forms .
Cell volume: Protozoan cell volume can change with food concentration. Thus, comparing growth rates as described above at different food concentrations may not represent biomass production at different food concentrations. Cell volume of Strombidinopsis multiauris was measured at 9 prey concentrations. After incubation, ciliates were preserved with 5 % acid Lugol's iodine, and -50 cells were measured using a n inverted microscope equipped with a computer-aided digitising system. For volume estimation, ciliate shape was approximated as a cone topped by a section of a cone (i.e. a cylinder with one end smaller than the other). Cells shrank due to fixation; although we have not corrected for shrinkage, live volume may be determined assuming a 65% shrinkage factor (Jerome et al. 1993) . However, the influence of food concentration on shrinkage has not been determined.
Cell volume versus food concentration was fit to a modified Michaelis-Menten model, with a non-zero y-intercept (Eq. 2).
where V = cell volume (pm3); V, , , = maximum volume (pm3); and b (pm3) = non-zero intercept (i.e. the predicted size of cells at zero food).
Grazing. Functional response: Three methods were used to determine the effect of prey concentration on the grazing rate of Strombidinopsis mulfiarrris: uptake of fluorescently labelled latex beads; uptake of heatkilled, fluorescently labelled Gymnodinium simplex (FLA); and uptake of I4C-labelled G. simplex.
Beads: Fluorescently labelled, 5 pm latex beads (Seradyn, Particle Tech. Div., Indianapolis, IN, USA) were used to simulate Gymnodinium simplex. The beads, which were suspended in a toxic surfactant, were rinsed with distilled water (by serial centrifugation) and resuspended in a 5 % bovine serum albumen-distilled water solution for > l 0 d, to reduce clumping (Pace & Bailiff 1987) ; this solution was stored at 4OC. Prior to use the beads were rinsed with prefiltered seawater and resuspended by sonication.
FLA: Gymnodinium simplex was heat-killed and stained to produce FLAs (Sherr & Sherr 1993) .
14C-Labelled Gymnodinium simplex: Gymnodinium simplex was grown in f/2 medium with I4C bicarbonate (NaH14C03, 1 pC m-') until cells were uniformly labelled (6 d, -4 generations; Welschmeyer & Lorenzen 1984) . Just prior to the grazing experiment, unincorporated 14C was removed by rinsing the cells with filtered seawater over a 2 pm polycarbonate filter and resuspending the cells in filtered seawater. Specific activity (disintegrations min-' [DPM] cell-') was determined as follows: aliquots of the washed, labelled stock culture were placed in 7 m1 liquid scintillation (LSC) vials, to which 0.2 N perchloric acid was added to digest cells and remove inorganic carbon. Liquid scintillation fluor (Biofluor, Packard) was added and radioactivity was measured with a Packard 2250CA LSC. To determine cell concentration, aliquots of prey were preserved in 0.5% glutaraldehyde, filtered onto 0.8 pm black polycarbonate filters, and counted with an epifluorescent microscope using blue light excitation.
Siszing experismen&: For all 3 experiments, !l liveprey concentrations were made by diluting a culture of Gy~nnodinium simplex with f/200tm+vit. Initially, cilia t e~ were harvested in exponential phase from preyreplete cultures (>3 X 104 prey ml-') and introduced to tissue culture plate wells containing the experimental prey concentrations. These ciliates were then acclimated at 13°C in the dark at each prey concentration for 48 h prior to incubations.
The grazing incubations were run at particle concentrations ranging from 500 to 4.5 X 104 prey ml-' (beads or labelled Gynlnodinium slrnplex plus unlabelled C. simplex in a 111 ratio). On the day of the grazing experiment, after the 48 h acclimation period, new prey concentrations (identical to those used for the acclimation period) were made. Four m1 of each prey treatment was placed in tissue plate wells; each treatment was replicated 3 times. Acclimated ciliates (-80) were then transferred, using finely drawn pipettes, to the wells containing the 4 ml of prey and acclimated for a further 2 h at 13'C at 10 pm01 photons m-2 S-'.
During the 2 h acclimation period concentrations of beads or labelled-prey treatments that equalled the unlabelled-prey treatments were prepared and counted on a Coulter Counter (or for I4C-labelled prey, by epifluorescent microscopy). After the 2 h acclimation period, 4 m1 of bead or labelled-prey treatment was added to the appropriate well treatment, thus exposing the ciliates to 8 m1 of 1:l labelled prey:unlabelled prey at the 11 concentrations. The mixtures were incubated at 13'C and 10 pm01 photons m-2 S-' for 30 min (grazing rate was constant for >40 min after prey were added).
For the beads and FLA treatments, after the 30 min incubation, the 8 m1 in each well was transferred to a vial, fixed with acid Lugol's iodine (final concentration 5 % ) and later bleached with concentrated sodium thiosulphite (as Lugol's masks fluorescence). Typically 50 ciliates were examined using 10 m1 settling chambers and an inverted epifluorescence microscope (blue excitation). The mean number of beads or FLA ciliate-' was determined and the ingestion rate was estimated; ingestion rate was approximately twice the number of beads in the ciliates (depending on the actual ratio of beads/FLA:live prey at each treatment level).
For the I4C treatments, after the 30 min incubation, the 8 m1 in each well was observed under a darkfield dissection microscope. All the ciliates were removed and placed in sterile filtered f/200tm+vit in 1 m1 depression wells at -5°C. The ciliates were subsequently transferred through 3 washes of f/200tm+vit to remove all uningested prey. Then, for each replicate, 10 ciliates were placed in each of 5 scintillation vials (i.e. 50 ciliates were examined per replicate). Blank vials were prepared with 0.1 m1 unlabelled medium. To digest cel!s and drive off borganir carbon. 0.2 ml of 0.2 N perchloric acid was added to the vials. After 1 h, 4 m1 of liquid scintillation fluor (Biofluor) was added to each vial, and radioactivity was determined. Radioactivity in samples of cell-free final wash water was below background levels. The mean number of labelled prey ciliate-' was determined by dividing the total background-corrected radioactivity (DPM) in a vial by the specific activity of Gymnodinium simplex (DPM cell-') and the total number of ciliates in the vial. Ingestion rate was approximately twice the number of labelled prey per ciliate (depending on the actual ratio of labelled prey:unlabelled prey at each treatment level).
Analysis o f functional response: Using the Marquardt-Levenberg algorithm, grazing rates were fit to Eq. (3), which models a response similar to Eq. (1) but includes an inhibition term (Spain 1982) .
where, G = grazing rate (prey ciliate-' h-'); G,,, (prey ciliate-' h-'), and i and k (no. prey ml-') are predicted parameters.
Differences between the responses of the 3 treatments were analysed by dividing the 3 data sets into 2 components: (1) the initial increase in grazing rate, when prey concentration was limiting and (2) the grazing rates when prey levels were saturating. These 2 distinct response regions were analysed separately by linear regression methods (Zar 1984) ; see 'Results' for details.
Gross growth efficiency. The gross growth efficiency (GGE) over the range of prey concentrat~ons was calculated as:
where p = intrinsic rate of increase (Eq. 1); V, = ciliate cell volume (Eq. 2); 0.19 = pg of carbon pm-3 of ciliate (Putt & Stoecker 1989 ); G = prey grazed d-' (Eq. 3 X 24 h); and 48 = pg carbon prey-' (Menden-Deuer & Lessard unpubl.).
Temperature. To determine the effect of temperature on growth rate, ciliates were grown at a saturating food concentration at 9 temperatures. This experiment followed a protocol similar to that described above 'Numerical response', but temperature, not food concentration, was varied. Ciliates were maintained at 3.5 X 10' ' prey ml-' at 3. 5, 5.0, 8.5, 10.0, 11.5, 13.5, 15.0, 19.0, and 22 .0°C, in 10 m1 of medium, in tissue culture plate wells. Six replicate wells, initially containing 10 ciliates, were acclimated at these temperatures for 48 h. After the acclimation period new food concentrations were made, brought to the appropriate temperatures, and 10 ciliates from each acclimated replicate were transferred to a new well. The wells were then incubated for 48 h, the number of cells per well determined, and exponential growth rate (p, d-') calculated over 48 h. After enumeration, all cells were preserved with 5 % acid Lugol's iodine and their volumes measured as described above.
Bloom model. We investigated short-term, smallscale population dynamics of Strombidinopsis multiauxis and Gymnodinium simplex using a coupled predatorprey model that is numerically solved using difference equations coded in BASIC and evaluated in computer simulations, with time steps of 0.05 d (modified from a model presented by Montagnes 1993) . The questions we investigated were: Can the ciliate control prey population~? What is the duration of predator-prey cycles? What are the magnitudes of predator and prey abundances in these cycles?
The following assumptions were made for a 20 d simulation: advection of organisms in or out of the localised system is negligible; conditions (e.g. nutrients and light) influencing phytoplankton growth rate did not change (i.e. growth rate was constant); and mesozooplankton abundance was low (0.1 1-l). These are conditions where ciliate blooms might occur and where ciliates could have a selective advantage over mesozooplankton, (Montagnes 1993) .
The model simulated the population dynamics of Gymnodinium simplex and Strombidinopsis multiauris during transient conditions, where the ciliates encounter a region of water with a defined initial prey concentration. A copepod predator was included in the model at a constant level of 0.1 1-l. The copepod grazed both ciliates and dinoflagellates, based on size-specific grazing rates established from data presented in Frost (1972) on Calanus pacificus grazing on diatoms. Each run of the model began with 103 prey ml-' and 1 ciliate ml-l; these levels represent average concentrations in many coastal waters (Montagnes 1993) . During each simulation the prey grew exponentially at a constant, defined rate (this was varied between p = 0.15 and 0.65 d-l). Prey mortality was a function of ciliate predation (Eq. 3, using parameters obtained from 14C exper- iments, Table 1 ) and copepod predation on dinoflagellates (Eq. 5).
where G = copepod grazing rate on the prey (prey h-' copepod-'); G,,, = the maximum grazing rate (dinoflagellate h-' copepod-') = 11 750; [P] = prey concentration (no. ml-l); and k = the half saturation constant (no, ml-l) = 1900. Change in ciliate numbers was determined by growth and mortality a s a function of prey concentration (Eq. 1, using parameters obtained from growth experiments, Table 1 ) and copepod predation on ciliates (Eq. 5), where G,,, = 600 and k = 45.
RESULTS
Growth
Numerical response
Ciliate growth rate followed a rectangular hyperbolic response from 0 to 5 X 10" prey ml-' (Fig. 2) . Maximum growth rate of -0.6 occurred above 2 X 104 prey ml-l. Below 1.3 X 103 prey ml-l, ciliate intrinsic mor-Prey concentration (No. ml-') Fig Ciliate cell volume versus food concentration followed a rectangular hyperbolic response, with a predicted minimum volume of 7.7 X 104 pm3 (when no food was present and cells had been starved for 48 h). Note that this value, and other estimates of subGross growth efficiency threshold cell volumes, are transitional states. A maximum observed volume of 1.7 X 105 pm3 occurred near Gross growth efficiency (GGE) rapidly increased 4.5 X 104 prey ml-'. Eq. (2) was fit to the data (Fig, 3 , from 0 to -0.2, between 1.3 and 3 X 103 cells ml-l; it Table 1 ).
slowly increased from -0.2 to a maximum of -1.2
Grazing
For all 3 methods (beads, FLA, 14C), grazing rate of Strombidinopsis multiauris on Gymnodinium simplex increased between 0 and 104 prey ml-'. Above 104 prey ml-' grazing rate decreased, i.e. grazing did not follow a rectangular hyperbolic function. Eq. (3) was fit to the 3 data sets (Fig. 4, Table 1 ).
Least squ.ares linear regression analysis was performed on segments of the grazing data to assess differences between techniques. Between 0 and 104 prey ml-' regressions of grazing rate versus prey concentration were forced through the origin. Over this range, the slope of the 14C grazing rate versus food concentration was significantly higher than that determined by either beads or FLAs; the latter 2 slopes were not signifiPrey concentration (No. ml") Fig. 4 . Functional response of Strornbidinopsis rnultiauris using 3 different methods: uptake of fluorescently labelled. 5 pm, latex beads (solid line, circles); uptake of heat-lulled, fluorescently labelled Gymnodinium simplex (FLA) (long-dashed line, squares); and uptake of 14C-labelled G. simplex (small-dashed line, triangles) . AU data points represent grazing rates. The curves are the fit of Eq. (3) to the data (see Table 1 for the parameters associated with these curves) 
Temperature
Growth rate
Ciliates grown at 3.5"C died within the 48 h acclimation period, and growth was only determined between 5.0 and 22.0°C (Fig. 6) . Ciliates died at 5°C; p = -0.14. Between 8.5 and 15.0°C, a linear growth rate could not be rejected, and this response increased from 0.14 
Cell volume
Ciliate volume increased with temperature between 5 and 10°C from 1.4 to -2.3 X 10' pm3, Between 10 and 22°C cell volume decreased from 2.3 to 1.2 X 105 pm3 (Fig. 7) . Table 2 . Slope of the linear response of growth rate (p, d-') versus temperature ("C) for several planktonic and non-planktonic oligotrichous chates and other planktonic chates. Lines were fit to data where growth rate was positive and increased with temperature. The shape of the line was assessed by using a non-linear curve fitting program (Sigmaplot, SPSS Inc., IL) to fit data to the equation p = a t b + C (where p is growth rate, t is temperature and a, b, and c are constants). The program provides a standard error for estimated parameters. The error term associated with 'b' was used to test (a = 0.05, t-test) the null hypothesis b = 1 (i.e. there was no exponential relationship (1975) 0.072 p "C-' (see 'Temperature response' below), there are still inter-specific Mferences. These differences cannot be accounted for by ciliate size (Table 3) , as might be predicted . As prey type affects the growth rate of ciliates in general (Montagnes 1993) and Strombidinopsis specifically (Buskey & Hyatt 1995 , Jeong et al. 1999 , this study), the differences observed between species may result from offering ciliates suboptimal food. The fact that ciliates respond to optimal prey suggests that planktonic ciliates may exploit patches of single preferred prey type when they become available; such a scenario is explored below ('Bloom dynamics'). Prey in the size range fed to Strombidinopsismultiauris tend to occur at levels of -103 ml-l but may be dis-
into patches 2-to 5-fold higher and may form patches of 1 or 2 orders of magnitude higher than background levels. The numerical response of S. multiauris suggests that it would be just able to survive at background prey levels but would thrive at concentrations 5-to 10-fold higher. These data support the suggestion of Montagnes (1996) that many planktonic ciliates are adapted to exploit prey patches, and these patches must occur to allow the ciliate to exist, as mean food concentrations are often too low to support ciliate growth. 
Temperature (OC)
Bloom model
Under most conditions examined, the ciliate was capable of controlling the dinoflagellate population (Fig. 8) . Over the 20 d simulation, virtually no predatorprey cycle occurred when prey growth rates were c0.2 d-l. As prey growth rate was increased >0.2 d-l, bloom dynamics became apparent, with a minimum duration of -10 d for a ciliate bloom to begin and end at prey growth rates of 0.65 d-l. During these blooms, ciliates reached maximum levels of 35 cells ml-' (Fig. 8a) , and prey reached levels of -1.7 X 104 cells ml-' (Fig. 8b) .
Regardless of prey growth rate, in 1 ml, over the 20 d simulation, few ciliates (c2) and few dinoflagellates (200 to 270) were eaten by copepods (Fig. 9 ). In contrast, the total number of dinoflagellates eaten by ciliates, in 1 ml, ranged from 2.5 X 103 to 5 X 104, as prey growth rate increased from 0.15 to 0.65 d-' (Fig. 9) .
DISCUSSION
Implications of the numerical response
The numerical response indicates that: (1) the threshold concentration (the prey level below which ciliates die) of Gymnodinium simplex for Strombidinopsis multiauris was -103 ml-'; (2) the major increase in growth rate occurred between 103 and 104 prey rnl-'; and (3) the maximum growth rate was -0.6 d-' (Fig. 2, Table 1 ). These data are consistent with those for other oligotrichs (Montagnes 1996) , and specifically for Strombidinopsis, although only 4 other species of Strombidinopsis have been investigated (Fig. 10, Table 3 ). When these 4 species are compared, after scaling the growth responses to a common temperature of 16°C using a conversion of Volume changes
Several aspects of ciliate energetics are dependent on cell size: ciliate production may be calculated by determining the product of growth rate and biomass, the latter being estimated from some average estimate of cell size; gross growth efficiency may be determined as the product of growth rate and cell volume divided by ingestion (e.g. Jakobsen & Hansen 1997); and feeding encounter may be affected by prey size, due to changes in the area of encounter (Fenchel 1986) .
Our data indicate that under semi-steady conditions, food concentration can alter the cell volume (and presumably the biomass) of Strombidinopsis multitauris by approximately 2-fold, and this change follows a rectangular hyperbolic function (Fig. 3) . Similar changes occur for both the ciliate Balanion comatum and the dinoflagellate Gymnodinium sp. (Jakobsen & Hansen 1997) . Volume changes in oligotrichs also occur under transient conditions: volume changes between late Prey concentration (ng C ml-l) Montagnes et al. 1996) ; S. multiauris (dotted line, data obtained from this study, Table 1 ). All responses were scaled to 16OC using a conversion of 0.072 p "C-' (see 'Results: Temperature'). Prey concentrations when presented as numbers were converted to carbon using values form Montagnes et a1 (1994) or values provided by the authors. The curves are the modified Michaelis-Menten fit (Eq. 1) to the data (see Table 3 for the parameters associated with these curves)
exponential and stationary cells of Strombidium sp. vary by almost 2-fold (Ohman & Snyder 1991) , and well fed and starved cells of another Strombidium species vary by -8-fold (Fenchel & Jonsson 1988) . Cell volume is therefore an important parameter to observe when examining ciliate bioenergetics. Clearly, 2-fold changes in cell volume will affect production and GGE estimates (see 'Gross growth efficiency and assesment of growth and grazing esti- Table 3 . Parameters of the numerical responses (Eq. 1) for the Strornbidinopsis species presented in Fig. 10 . Raw data for Strombidinopsis sp. (solid line) were obtained from E. Buskey (Marine Science Institute of Texas at Austin, Port Aransas) but are also presented graphically in Buskey & Hyatt (1995) . Data for Strombidinopsis sp. (large-dashed line) were obtained from Jeong et al. (1999) . Data for S. cheshiri (small-dashed line) were obtained from Montagnes et al. (1996) . Data for S. mult~auns (dotted hne) were obtained from this study (Table 1 ). All responses were scaled to 16OC using a conversion of 0.072 p "C-' (see 'Results: Temperature'); thus, parameters will differ from published values. Prey concentrations, when presented as numbers, were converted to carbon using values from Montagnes et al. (1994) (ng C ml-l) (ng C ml-l) ("C) ( Fig. 10 
Grazing
Ciliates may discriminate against both surrogate and natural particles (Stoecker et al. 1986 , Putt 1991 , Landry 1994 . Live, labelled prey appears both intuitively and empirically to be the best tracer of protozoan ingestion (e.g. Balczon & Pratt 1995). Our data (Fig. 4) i~d i c~t e t h~t the ~!~p n ~f n r a 7 i q n rate \rersiLc
food concentration is highest for ciliates fed I4C-labelled live prey, but there was no difference in the maximum grazing rates at saturating prey concentrations. These data indicate a preference for live prey when prey are limiting, but when prey levels are saturating ciliates are not selective. Two important steps in the feeding process are prey capture and prey processing; prey capture limits feeding rate at low concentrations while processing time limits feeding rate at high concentrations (Fenchel 1986) . If this is so, then our data suggest that, for the 3 prey types we investigated, processing time is invariant with food type, but that encounter rate is higher for the 14C-labelled prey. Three possible reasons for this are: swimming speed of live prey increases the encounter between ciliates and prey; ciliates are able to detect live-prey movement; or chemical cues from the live prey increase swimming/feeding behaviour (e.g. Buskey . These processes would increase the ciliate-prey affinity. A fourth possibility, which may have been occurring concurrently with the above explanations is that 14C-labelled prey may have been partially assimilated during the 0.5 h incubation, while beads and FLAs were not assimilated; this might lead to an apparent lower ingestion of FLAs or beads. We have used the 14C-labelled prey data to estimate the functional response of Sfrombidinopsis rnultiauris (Table l ) in the model discussed below.
Our data also indicate a strong effect of feeding inhibition at higher food concentrations. Feeding inhibition occurs in some planktonic oligotnchs but not in others (Heinbokel 1978 , Verity 1985 , Jonsson 1986 , Montagnes 1996 . The detection of inhibition may depend on the method of measurement of ingestion rates. Many studies have used long (24 to 48 h) incubations during which prey concentrations are significantly reduced (ingestion rate is indirectly measured from prey disappearance) and on average may not have been at inhibiting concentrations. We directly mates', below). Similarly, prey encounter, which demeasured ingestion rate in short-term (30 min) experipends more on cross-sectional area or linear dimenments with low predator concentrations so that prey sions, may also change. Although these changes would concentrations were little changed during incubation. not be as great as that of volume, the effect would not As the ciliates had been pre-acclirnated to the hlgh be negligible and would be a productive direction for food concentrations, inhibition was not likely a tranfuture study.
sient response to a change in food concentration (but see 'Gross growth efficiency and assesment of growth and grazing estimates', below). The mechanism of the observed inhibition is unknown. Planktonic ciliates respond to both chemo-and mechanosensory stimuli (e.g. Buskey . A reduction in ciliate grazing could have resulted from an inhibitory chemical which reached a critical level at high prey concentrations. It is also possible that mechanical interference with feeding occurs at high fond co~centrations. The occzrrence nf, .-=c! mechanisms behind, the apparent inhibition of ingestion at high food concentrations deserves further study.
In our model (below), prey concentrations rarely reached levels where feeding inhibition would occur. Similarly, dinoflagellate concentrations of >2 X 10' cells ml-' are rare, except under bloom conditions. Consequently the inhibition we observed may be rare in nature. Fenchel 1987 ) is a measure of heterotrophic efficiency often required in numerical food web models. GGE is also a useful index for assessing the reliability of growth and grazing data. Straile (1997) reviewed the literature on GGE in a wide range of taxa, developed a multivariate model, and found that for many organisms GGE was positively correlated to food concentration at low food levels. This has also been observed specifically for oligotrich ciliates (Strornbidurn, Fenchel & Jonsson 1988; tintinnids, Verity 1985) .
Gross growth efficiency and assessment of growth and grazing estimates
If the functional response has a lower X-intercept than the numerical response, and the point of saturation is roughly the same for both responses (e.g. Figs. 2 & 4), it follows that GGE will initially increase with food concentration (e.g. Fig. 5) . Surprisingly, some studies on planktonic ciliates have not found that GGE increases with food concentration, at low levels (e.g. Jonsson 1986 , Verity 1991 . However, Jonsson (1986) examined a ciliate population under transient conditions over several generations, estimating GGE following the method of Fenchel (1982) , while Verity (1991) did not include volume (or carbon) changes of ciliates wlth food concentration in his estimates (P. Verity pers. comm.). Using transient conditions and ignoring volume changes may not be appropriate when determin-ing protozoan energetics, as the former may incorporate biases such as changes in the cell cycle (e.g. Fenchel & Jonsson 1988 , Ohman & Snyder 1991 , and the latter assumes a constant where one is lacking (e.g. Jakobsen & Hansen 1997, Fig. 2) .
We included volume changes and made measurements under steady-state cond~tions. However, our estimates of GGE at high food concentrations appear to be unrealistically high (Fig. 5) . Measurements of >0.7 are rare (Straile 1997 , Caron & Goldman 1990 ) and levels of > l are impossible, unless the organism is autotrophic. The reason(s) for this result are not clear, but we can suggest several possibilities.
It is possible that we used an incorrect carbon to volume (C:V) ratio for Strombidinopsis multiaurus, or that the C:V is not constant. The C:V may change with nutritional status : Ohman & Snyder (1991) found that the carbon of Strombidium sp. increased by 0.022 pg pm-3 when stationary and late exponential phase cells were compared, respectively. Under steady-state conditions, changes in cell volume and differential shrinkage of preserved cells collected from different food concentrations might also alter the C:V. We have used a constant ciliate C:V of 0.19 pg C (Putt & Stoecker 1989 ) to establish GGE (Fig. 5, solid line) , but large protists may have a lower C:V (Strathmann 1967, Menden-Deuer & Lessard unpubl.) . It is also possible that larger, well-fed cells shrink less upon fixation and thus have a reduced C:V. Such .unaccounted for changes would alter the GGE. For instance, if the C:V of S. rnultiaurisdecreased linearly from 0.19 to 0.1 pg C pm-3 between 0 and 5 X 104 prey ml-l, GGE would follow the relationship depicted in Fig. 5 (dashed line) . Clearly, investigations are needed to assess the effect of food concentration and cell volume on C:V.
It is also possible that our growth or grazing estimates are biased, and this altered the GCE. The growth measurements were determined over 48 h in the dark, while the grazing measurements were made over 0.5 h in low light. The ciliates in the grazing experiments had been cultured in the dark for 48 h before transfer into new food which had been grown in the light. It is possible that in the grazing experiments, the ciliates exhibited a short-term transient response to a light-induced, concentration-dependent, inhibitor produced by the dinoflagellate. If this was so, feeding inhibition would have been observed over the 0.5 h grazing incubation but not in the longer-term growth experiment in the dark. Alternatively, if inhibition observed in the grazing estimates is real, then it is surprising that a corresponding inhibition in growth was not observed. One explanation for this is that over the 48 h incubation, micropatches of food occurred within the culture wells. Such increased food levels would result in other less dense regions, where ciliates would be uninhibited by high food levels. If this is the case, we have overestimated growth at high food concentrations. However, micropatchiness may exist in the plankton, and therefore the feeding inhibition we predict at high food concentrations may rarely occur.
It could also be that manipulation during grazing experiments induced the grazing inhibition at high food concentrations. However, we have no reason to suspect this (manipulation was the same for all food concentrations), and inhibition has been shown to occur by others (see 'Grazing' above). Finally, it is possible that Strombidinopsis multiauris is rnixotrophic, i.e. able to use prey chloroplasts to photosynthesise (Stoecker et al. 1987) or that prey continued to grow (or were not digested) after being ingested. However, the growth rate experiments were conducted at low light, and no choreotrichous ciliates (the group to which Strombidinopsis belongs) have been shown to be mixotrophic. If either of these phenomena occurred, they would provide an 'autotrophic' component to the growth rate, and would be more pronounced when ciliates were larger and 'full' with food. Such an 'autotrophic' growth rate would account for the GGE > 1 at high food concentrations.
Temperature response
Temperature versus growth or volume relationships are sought both to understand underlying mechanisms and for predictive purposes. Growth rate can increase exponentially over the range where growth is positive (e.g. Qlo relationships), but this relationship can also be linear (Cossins & Bowler 1987) . There is also considerable evidence that organism body size decreases with temperature (Atkinson 1994) . Data from this study are insufficient to discuss the theoretical implications of these responses. However, we have examined these 2 relationships for Strombidinopsis multiauris to provide predictive parameters for food web models.
As might be expected, growth rate of Strombidinopsis multiauris increased with temperature, and mortality occurred at low and high temperatures. However, an exponential increase in growth rate did not occur over any temperature range (Table 2) ; consequently an estimate of Qlo was not determined. The linear increase in growth rate over a range of -10°C (Fig. 6 ) agrees with work on other oligotrichs and other planktonic ciliates (Table 2 ) . Of the regressions listed in Table 2 , only the data from Urotricha furcata (Miiller & Geller 1993) show a significant exponential response (but note that data by Weisse & Montagnes (19981 for U. furcata had a linear response). The average slope obtained from linear relationships presented in Table 2 was 0.072 + 0.021 (SD) (omitting the data from Ras-soulzadegan 1982, which indicated no temperature effect on growth rate).
Although we have not conducted an exhaustive literature search, these data (Table 2) suggest that predictive estimates of growth versus temperature for individual taxa follow a linear rather than exponential relationship, and the slope of this line is -0.072 * 0.021 (SD) p "C-'. These findings are in contrast to formulae that predict 'generalised ciliate' growth at ambient temperatures (e.g. Miiller & Geller 1993 , Montagnes 1996 . Such formulae, which combine many taxa, typically assume that growth rate exponentially increases with temperature; this may be so for interspecific estimates, but our analysis suggests that for intraspecific estimates a linear conversion is more appropriate.
-1 111e importance of ce14 volume chazgcs has bccn outlined above. Cell size decreases with increasing temperature for many organisms, including protists, and this appears to be the case for Strombidinopsis multiauris over much of its viable temperature range. However, at low temperatures there is a reverse of this trend (Fig. 7) . With the limited data collected on changes in ciliate size with temperature, we are unable to speculate why this occurred or if it is a common phenomenon. Again, more detailed investigations seem warranted, and it is clear that such volume changes will need to be accounted for in models that involve temperature changes.
Bloom dynamics
The phytoplankton-ciliate blooms we have considered are mono-specific, rapid increases in numbers that are visible as transient peaks in abundance (cf. Legendre 1990 . In coastal waters, short-term phytoplankton blooms can be stimulated by a number of factors: tidal or wind mixing events, changes in irradiance, or nutrient inputs from terrestrial run off (Mackas et al. 1985 , Harris 1986 , Legendre 1990 . Such blooms usually exist for c20 d, as mixing processes (e.g. wind and tides) dissipate them, and mesozooplankton populations respond if blooms persist. These short-term blooms may be composed of toxic or nuisance phytoplankton (e.g. toxic dinoflagellates or Phaeocystis), but equally may be composed of prey that are beneficial to higher trophic levels.
For the model, we assumed that over a 20 d period, phytoplankton blooms are not influenced by advection of organisms and nutrients in or out of the system. This is a simplification, but it allows an exploration of the potential for ciliate blooms to occur and an investigation of the duration and magnitude of these blooms. Furthermore, Montagnes (1993) indicated that when copepods are abundant ( > l 1-l) they can reduce ciliate populations and thus suppress ciliate blooms. Ciliate blooms were also suppressed when copepods were abundant in our model (data not shown), and we have focused on conditions where mesozooplankton are at a low abundance (0.1 I-'), and ciliate blooms might have a maximum impact. Blooms with the parameters described above are probably a few metres to hundreds of metres in size and are referred to as 'fine-scale patches ' (Haury et al. 1978) ; these patches likely persist for 1 to 10 d and are dominated by episodic predation stress (Mackas et al. 1985) . The model results (Fig. 8) indicate that Strombidinopsis multiauris will form blooms which last on the order of 10 d when prey become abundant, due to rapid population growth. Furthermore, the model suggests thst blooms nr?c!er certain conditions can prorli~ce 35 ciliates ml-l. Thus, we have provided some limits to the duration and magnitude of these blooms.
Strombidinopsis sp. can be associated with and consume the red-tide dinoflagellate Gymnodinium sanguineum, when this prey is abundant (Jeong et al. 1999) . The only other reports of Strombidinopsis associated with phytoplankton blooms suggest that it may be a Link in the food chain between the nuisance phytoplankton Phaeocystis and zooplankton, and at times may even be partially responsible for the decline of blooms , Hansen 1995 . However, Hansen et al. (1993) suggested that copepod grazing on ciliates reduces the impact of ciliates on the Phaeocystis-ciliate-copepod food chain, and observations of planktonic ciliates in such blooms (Boekel et al. 1992 ) indicate abundances on the order of 10 d a t e s ml-' (estimated from biomass data using standard conversions and approximate estimates of size) and ciliate bloom durations of 20 to 30 d. Thus, the type of Strombidinopsis bloom simulated in our model has not been observed in the field.
Rather than pertaining to Strombidinopsis specifically, our simulation may suggest how large (-100 pm) oligotrich ciliates can behave in the plankton. Primarily due to their conspicuous nature, reports exist on surface accumulations of planktonic cilia t e~ (e.g. Dale & Dahl 1987 , Reid 1987 , Montagnes & Humphrey 1998 . These accumulations may be produced from a combination of clliate growth and concentration by physical processes (Dale & Dahl 1987) , and ciliate denslties can be an order of magnitude higher than those predicted by our model. High abundances of ciliates have also been reported in snapshot observations of sub-surface waters, and such levels may be on the order of 20 to 50 cells ml-' (e.g. Montagnes et al. 1999) . However, there are few reports of the rise and decline of in sjtu cil~ate blooms. The absence of such data may be due to the rarity of blooms, but may equally result from their transient nature, both in time and space.
Our data suggest that under conditions where small phytoplankton are stimulated to grow at near maximal rates (p = 0.65 d-') and predation by mesozooplankton is low, large ciliates may respond over periods of 10 d, bloom and then decrease in numbers due to starvation (Fig. 8) , rather than by copepod predation (Fig. 9) . The ecological implications of these blooms are discussed elsewhere (Montagnes 1993 (Montagnes , 1996 , but we can ask where might these blooms occur? Fine-scale blooms of ciliates have been reported for enclosed bays (Andersen & Sarensen 1986) and in enclosures (Smetacek 1984 , Suzuki & Taniguchi 1993 ), but they may also occur in subsurface waters. For instance, the subsurface chlorophyll maximum, persistent in many marine and freshwater systems, may be an ideal location for such blooms to occur, and frontal zones have for some time been recognised to produce conditions which support algal blooms that ciliates could then exploit (e.g. Simpson et al. 1979) .
It has long been recognised that fine-scale patchiness (10 to 100 m) which may persist on the order of 10 d is an important component of plankton dynamics (Haury et al. 1978 , Giller et al. 1994 . However, most models of coastal planktonic ecosystems continue to examine processes on scales of weeks to months. If ciliates are an important component of these systems, as data on their abundance and biomass suggest , Pierce & Turner 1992 , and if these ciliates act in a fashion indicated by the above model, then it would be prudent to revise the time scales of coastal plankton models and sampling regimes, to include these episodic events.
